Singlet fission (SF) in two or more electronically coupled organic chromophores converts a high-energy singlet exciton into two low-energy triplet excitons, which can be used to increase solar cell efficiency. Many known SF chromophores are unsuitable for device applications due to chemical instability and low triplet state energies. This work summarizes structurally dependent SF dynamics for 9,10-bis(phenylethynyl)anthracene (BPEA) and its derivatives in the solid-state using time-resolved optical spectroscopies, and electronic structure calculations. By modulating the packing structure in thin films, we can effectively tune electronic energy and coupling. The systematic study in BPEA organic semiconductors shows that maximizing the thermodynamic driving force can achieve the highest SF rate and efficiency.
INTRODUCTION
Singlet fission (SF) is a multiple exciton generation process in organic semiconductors where a singlet exciton, generated via photon absorption, energetically down-converts into two triplet excitons. [1] Over the past decade, SF chromophores have attracted renewed attention because of their ability to overcome the Shockley-Quiesser limit on the theoretical efficiency of single-junction solar cells by mitigating thermalization losses. [2] Specifically, down-converted low energy triplet excitons can be harvested by either energy transfer or charge transfer to single junction solar cells, which then increases the closed-circuit current. [3] Previous studies have demonstrated Dexter type energy transfer from two triplet excitons in tetracene and pentacene to lead-based quantum dots. [4, 5] Charge transfer from the triplet exciton is also possible if the SF chromophores are paired with a suitable electron acceptor or donor; for example, a solar cell using pentacene coupled with C60 achieved an external quantum efficiency of 133 %. [6] Recently, triplet exciton transfer from tetracene to a silicon single junction cell has been demonstrated, where of the 133% exciton transfer from the tetracene layer to Si, 56 % comes from singlet excitons and 76 % from triplet excitons. [7] Such competition between singlet and triplet exciton transfer exists as a result of the slow SF rate in tetracene. Thus, it is crucial to discover SF materials that have high triplet energies, ideally greater than a band gap of 1.1-1.3 eV, with fast SF rates.
Although anthracene has been demonstrated to undergo SF, [8] SF is only viable from higher lying singlet excited state because of its high triplet energy (1.8 eV). In anthracene crystals, SF is competitive with internal conversion and thus SF efficiency is extremely low (3%). However, functionalization of anthracene with phenylethynyl groups at 9,10 positions to form BPEA achieves better energetics for SF. This modification lowers the triplet energy to ~1.20 eV while maintaining the singlet energy at ~ 2.40 eV. In addition, BPEA is a robust, industrial dye with excellent thermal and photostability and chemical modularity. In this presentation, we summarize the structurally dependent SF dynamics of BPEA and its derivatives in the solid-state using time-resolved optical spectroscopies, and electronic structure calculations. We systematically control molecular packing by changing the composition of polymorphs and adding functional groups at the para position of the phenyls. Such changes in molecular structure result in different packing, ultimately modulating both the electronic coupling and thermodynamic driving force.
EXPERIMENTAL METHODS

Materials and film preparation
BPEA was purchased from Sigma Aldrich. Synthetic procedures for preparing BPEA derivatives have been reported elsewhere. [9] ~100 nm films of BPEA and its derivatives were prepared on sapphire substrates at room temperature at a rate of 0.2 Å/s in a vacuum thermal evaporator (Denton Vacuum DV502-A).
Instrumentation
Steady-state optical absorption spectra of the film samples were measured using a Shimadzu UV-3600 UV/Vis/NIR spectrometer equipped with an integrating sphere. Steady-state fluorescence spectra of film samples were measured in the right-angle mode with a HORIBA Nanolog spectrofluorimeter equipped with an integrating sphere (Horiba Quantaφ) to determine absolute fluorescence quantum yields. Femtosecond transient absorption (fsTA) experiments on the thin films were performed using 14 nJ, 414 nm, 100 fs excitation pulses generated by a 100 kHz repetition rate laser system to obtain SF dynamics. The data were analyzed using global kinetic analysis, as described in detail previously. [10] Nanosecond transient absorption (nsTA) experiments were performed using a 1.0 mJ, 414 nm, 7 ns excitation pulse generated by 10 Hz repetition rate laser system [11] to obtain the triplet yield.
Computational Details
The electronic couplings were calculated from the integral matrix elements using the density functional theory (DFT) with the Amsterdam Density Functional (ADF) package. [12] The effective coupling between orbitals i and f, Vif, was calculated using the following equation: [13] (1)
where Jif is the Fock matrix element between a pair of monomers, Sif is the overlap integral, ei and ef are the Fock matrix elements within a monomer.
Singlet and triplet excitation energies, E(S1) and E(T1), were calculated using the time-dependent density functional theory (TDDFT) with the ADF package. E(T1T1) was obtained by doubling E(T1). The CT state energy, E(CT), was calculated using a Weller-like equation: E(CT) = IP +EA + Eelec + Eind (2) Here, ionization energy (IP) and electron affinity (EA) of monomer were obtained from DFT, whereas the induction (Eind) and electrostatic (Eelec) energies were determined using the classical the Direct Reaction Field (DRF) method [14] suggested by Mirjani et al. Atomic charges of both neutral and charged dimers for DRF calculations were obtained from Mulliken population analysis using DFT.
Considering the first-order coupling of CT states to the initially excited singlet state, S1, and the final triplet state, (T1T1), the effective electronic coupling for the superexchange mechanism,[15] JSE,eff, was calculated using the Eq. 3:
The first term on the right-hand side of the equation will be ignored since the direct two-electron coupling is small compared to the four 1-electron coupling. VLL and VHH are the 1-electron coupling of the LUMO and HOMO of the two molecules, respectively, whereas VLH and VHL are the electronic couplings between the LUMO of the first molecule and the HOMO of the second molecule, and vice versa.
RESULTS/ DISCUSSION
Films 1 and 2 are prepared by thermal vapor deposition of BPEA, followed by solvent vapor (CH2Cl2) annealing for film 1 and thermal annealing at 120 ˚C for film 2. Films 3, 4 and 5 are prepared by thermal vapor deposition of 4,4′-difluoro-BPEA, 4-fluoro-4′-methoxy-BPEA and 4,4′-dimethoxy-BPEA, respectively, followed by solvent vapor (CH2Cl2) annealing. The powder X-ray pattern (PXRD) of the polycrystalline powder scraped off vapor deposited films on the sapphire substrate is compared to the simulated PXRD from the single crystal structure ( Figure 1 ). In the crystal structure, green atoms are fluorine, red are oxygen, white are hydrogen and grey are carbon.
All but film 1, which is composed of two different polymorphs (C2/c and Pbcn space groups), have only a single polymorph. The composition of C2/c and Pbcn polymorph in film 1 is determined to be 61.2 ± 0.5 % and 38.8 ± 0.5 %, respectively, using Rietveld fitting. [9] Since C2/c polymorph is the major composition in film 1, the dimer unit in Figure  1 shows C2/c packing structure. All films are highly crystalline based on the peak sharpness compared to other SF thin films of rylene [11, 16] and acene derivatives. [17] The difference in packing structure of each film is highlighted in the dimer from the crystal structure ( Figure 1 ). The chromophore packing within the crystal structures of 1-5 is analyzed by extracting the nearest dimer unit within the crystal structure. The π-π, lateral slip and longitudinal slip distances are shown in Table 1 . Table 1 . π-π, lateral and longitudinal slip distances of the nearest dimer unit within the crystal structures BPEA (1-2) and its derivatives (3) (4) (5) . Steady state absorbance and emission spectra of the films were measured (Figure 2 ) to obtain the first excited singlet energy, E(S1). Among the five films, film 3 has the highest E(S1) of 2.48 eV followed by 1 (2.43 eV), 2 (2.43 eV), 4 (2.34 eV), and 5 (2.34 eV). The large dihedral angle in film 3 decreases the electronic conjugation between the anthracene core and the phenyl group, which leads to a higher E(S1). The triplet energies of the thin films were estimated using triplet energy transfer from palladium octabutoxyphthalocyanine (PdPc) and to singlet oxygen. The estimated triplet energy is 0.98 -1.24 eV, where the lower limit comes from singlet oxygen and the upper limit from PdPc. [18] Since triplet excitons are more localized than singlet excitons, triplet energies are assumed to be constant amongst the films. Hence, the triplet energy is approximated between 0.98 eV and 1.24 eV. With these assumptions, the thermodynamic driving force for SF is calculated to be the difference between E(S1) and E(T1T1 = 1.11 eV). Film 3 has the greatest thermodynamic driving force of 0.26 eV followed by 1, 2, 4 and 5 ( Table 2 ). In order to examine the SF dynamics, low-fluence fsTA spectroscopy was used with excitation densities of (1.0 x 10 17 excitonscm -3 ). It is crucial that the excited state be studied in the low excitation regime to minimize singlet-singlet annihilation. From the fsTA spectra, we observe ground-state bleaching (GSB), stimulated emission (SE) and singlet excited-state absorption (ESA) at early times; at later times, triplet formation is observed around 450-550 nm (Figure 3 ). The formation of the triplet is confirmed from singlet oxygen measurements and comparing the fsTA spectra at 7ns of BPEA films to those of the PdPc doped BPEA films. The fsTA spectra for 2, which is made of purely Pbcn, is globally fitted using the kinetic model A → B → GS where A is purely singlet and B is triplet. Film 1, which is composed of two different polymorphs, is globally fitted using the two parallel processes of A → B → GS, where two singlet populations originate from two different polymorphs. From the kinetic fitting, the SF rate of C2/c polymorph is (90 ± 30 ps) -1 and that of Pbcn is (430 ± 30 ps) -1 .
The BPEA derivatives differ from the parent BPEA films in that the derivatives require more than one singlet excited population, which is attributed to heterogeneity in the film and small degree of excimer formation. Since the excited states are not purely singlet, excimer, or triplet, we use evolution-associated fitting, where each state has mixture of singlet, excimer and/or triplet, similar to that observed in terrylenediimide systems. [19, 20] Film 3 is globally fitted using A → B → C → D → GS. Based on the increase in GSB feature in state B and C (Figure 2 ), τA and τB are assigned to SF. Although there is a single polymorph in the thin film of 1, if some degree of heterogeneity exists in terms of grain size and crystallinity, this could form local hot spots where SF is more favorable, as seen in pentacene [21] and terrylenediimide films [16] . Both films of 4 and 5 are globally fitted using A → B → C → GS. There are distinct spectral changes between state A and B in the film of 5, where state B resembles the triplet feature. States A in the film 4 has similar spectral features to state B; however, state B has increased red-shifted stimulated emission features. Presumably, state B in the film of 4 has more triplet population than in film 5. Overall, the BPEA derivatives have more distributed kinetics compared to BPEA films. nsTA spectra of the films were employed to determine their triplet yields using the singlet depletion method, which is independent of the choice of kinetic model. This method is particularly useful in estimating triplet yields for systems with overlapping GSB and triplet ESA features. The number of excited molecules were calculated from the excitation pulse energy, laser spot size, and film thickness to obtain the expected GSB spectrum; then, the number of triplet states was estimated by adding the scaled ground-state bleach to the excited state triplet nsTA spectrum. Based on this analysis, films of 1 and 3 have the highest triplet yield of 180 % followed by the films of 5 (168 %), 4 (110 %), and 2 (80%).
Electronic coupling, JSE, is an important factor controlling SF rate and efficiency. [1] We calculated JSE using the dimer model, assuming the mechanism of SF is superexchange. The film of 4 has the highest electronic coupling of 8.54 meV, followed by that of 1 (7.80 meV), 5 (3.80 meV), 2 (3.73 meV) and 3 (2.85 meV). We find strong correlation between electronic coupling and τSF1 in all films except that of 3 (Figure 4 ). Assuming the reorganization energies are similar, the SF rate is proportional to |JSE| 2 . For example, films of 1 and 4 have similar |JSE| 2 values of 60 and 72 meV 2 , respectively, and similar τSF1 of ~90 ps ( Table 2) . Following this trend, the film of 5 has a greater |JSE| 2 value than the film of 2 and thus has faster τSF1 = 120 ps compared to τSF1 = 430 ps for 2. For films of 1, 2, 4, and 5, we observed a qualitative trend in electronic coupling and τSF1. We also observe a quantitative trend between films 1 and 2, where the SF rate for C2/c is estimated to be 4.4 times faster than that of Pbcn, matching the experimental rate ratio of 4.5 ± 0.2. Now, correlating the triplet yield to the SF rate, electronic coupling and thermodynamic driving force, we find that the triplet yield is most strongly correlated to thermodynamic driving force. For instance, although film 3 has the lowest |JSE| 2 , it undergoes the fastest SF with the highest triplet yield, attributed to the greatest thermodynamic driving force. Following the film of 3, films of 1 and 2 have greater thermodynamic driving forces than films of 4 and 5. The film of 1 has both greater thermodynamic driving force and electronic coupling compared to films of 2, 4, and 5 and thus, undergoes faster SF with greater triplet yield; however, film 2 which has greater thermodynamic driving undergoes slower and less efficient SF than films of 4 and 5. One possible reason is that the crystal structure of the film of 2 enhances fluorescence emission, resulting in the highest fluorescence quantum yield of 30%, meaning that only 70% of the singlet excitons can undergo SF. Between films of 4 and 5, which have the same thermodynamic driving force, film 4, which has greater electronic coupling, undergoes less efficient SF. This is because the molecule has push-pull character which results in a low calculated CT energy. Such low CT energy presumably introduces excimer trap states as evidenced in significantly more red-shifted emission spectra and low triplet yield compared to all the other films.
CONCLUSION
We studied five different thin film made of BPEA and its derivatives. We can tune the composition of different polymorphs of BPEA in the film by changing the annealing method. Different packing structures in films of 3-5 result from adding functional groups at the para positions of the phenyls in BPEA. Among all the structurally different films studied here, triplet yield increases with increasing thermodynamic force. The film 3, which has the greatest driving force, undergoes fastest SF with the highest triplet yield, followed by the films of 2 and 5. The simple dimer model used here to calculate the effective electronic coupling predicts the rate of SF relatively well. The film 3 has the strongest potential to be used as a solar cell device because of its fast 17 ps SF time and its high 180% triplet yield.
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